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Characterization of a novel Streptococcus thermophilus rolling-circle
plasmid used for vector construction

Abstract The complete nucleotide sequence of pER371,
a native plasmid in Streptococcus thermophilus ST137,
was determined. A putative open reading frame coding
for a replication protein, Rep371, was identified. A
characteristic promoter sequence and ribosome-binding
site were found upstream of rep371. Rep371 (247 amino
acid residues) does not show homology with RepA and
RepS of the small S. thermophilus cryptic plasmids pST1-
No.29 and pST1 respectively. The plus-origin sequence
and Rep371 are highly homologous to the corresponding
elements of the Staphylococcus aureus plasmids pC194
and pSK89. A novel 140-nucleotide palindromic minus-
origin sequence, which is structurally similar but does
not show sequence homology to the pald region of
pC194, was identified in pER371. A palindromic
sequence capable of forming a putative hairpin structure
was identified and subsequently recognized as being
highly conserved among several lactococcal rolling-circle
plasmids. Cloning vectors derived from pER371 should
provide valuable gene-delivery vehicles for the genetic
engineering of lactic acid bacteria.

Introduction

Streptococcus thermophilus is a lactic acid bacterium
important to the dairy industry. It is used in the starter
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cultures for the production of yogurt and certain cheese
varieties. As with the other microorganisms used in the
industrial processes, research efforts have been intensive
in developing new and/or improved strains through
genetic engineering. Heterologous gene expression re-
presents an avenue by which the target organism could be
endowed with new and/or improved biological proper-
ties. In this respect, the desired genes are carried into and
maintained in the host bacterium by a cloning or
expression vector. The expression of heterologous genes
in S. thermophilus has been reported from experiments
using vectors derived from other bacteria (Constable
and Mollet 1994; Jacobs et al. 1995; Mercenier 1990;
Moineau et al. 1995; Mollet et al. 1993; Somkuti et al.
1991, 1993; Vaughan et al. 1996). The construction of
homologous cloning vectors for S. thermophilus has been
initiated recently in the interest of developing food-grade
gene-delivery systems (Solaiman and Somkuti 1993;
Somkauti et al. 1995). Since these vectors were built from
the native plasmids found in various strains of S. ther-
mophilus, systematic analyses of these plasmids should
provide important information for the rational design
and construction of the expression vectors for this in-
dustrial bacterium.

Native plasmids of lactic acid bacteria have been
found to replicate via one of the following two
mechanisms, i.e., theta-type and rolling-circle (Gruss
and Ehrlich 1989; Novick 1989; Seegers et al. 1994).
The theta-type plasmids are generally larger and more
stably maintained in the host cells than are the rolling-
circle DNA (Kiewiet et al. 1993; Krabbe et al. 1997;
Renault et al. 1996). The occurrence of native plas-
mids in S. thermophilus has been documented (Her-
man and McKay 1985; Somkuti and Steinberg 1986a),
but sequence determination and analysis of these
plasmids are still limited (Hashiba et al. 1993; Janzen
et al. 1992). In this communication, we report the
complete sequence of a 2.67-kb S. thermophilus plas-
mid, pER371, and the analysis of its structural fea-
tures.



Materials and methods

Bacteria, growth conditions, plasmids

Escherichia coli DH5a was purchased from BRL Life Technologies
Inc. (Gaithersburg, Md.). S. thermophilus ST137 (NRRL B-18818)
is from our laboratory collection. E. coli was grown in Luria me-
dium (1% w/v tryptone, 0.5% yeast extract, and 0.5% NaCl) at
37 °C, and S. thermophilus was cultured in a tryptone/yeast extract/
lactose broth (Somkuti and Steinberg 1986b) at 37-42 °C. Selection
pressure was maintained in E. coli transformants by adding am-
picillin (100 pg/ml) to the growth medium. Plasmid pUC19 was
obtained from BRL Life Technologies. pER371 was isolated from
S. thermophilus ST137. This strain harbors two plasmids, pER371
(2.7 kb) and pER372 (14.75 kb) (Somkuti and Steinberg 1986a).

Molecular biology procedures

Restriction endonucleases, T4 DNA polymerase, E. coli DNA
polymerase Klenow fragment, calf intestinal alkaline phosphatase,
and T4 DNA ligase were purchased from the following commercial
sources and used according to the protocols supplied: BRL Life
Technologies, New England Biolabs (Beverly, Mass.), and United
States Biochemical (Cleveland, Ohio). Transformation of compe-
tent E. coli DHSo was carried out by a heat-shock procedure
described in the supplier’s technical data sheet. Recombinant
plasmids were isolated from Escherichia coli by an alkaline lysis
method (Birnboim and Doly 1979). When needed, plasmids were
further purified by using Qiagen Midi or Maxi kits (Qiagen Inc.,
Chatsworth, Calif.) or a PERFECTprep DNA preparation kit
(5 — 3’ Inc., Boulder, Colo.). Native plasmids of S. thermophilus
ST137 were isolated by a previously described method (Somkuti
and Steinberg 1986b). The smaller pER371 was separated from
PER372 on an agarose gel by electrophoresis and subsequently
eluted from the gel matrix by electroelution. Agarose gel electro-
phoresis was performed in TBE buffer (89 mM TRIS base, 89 mM
boric acid, 2 mM NaEDTA). Electroelution was carried out in a
SixPac GE200 Eluter (Hoefer Scientific Instrument, San Francisco,
Calif) or an S&S Elutrap System (Schleicher & Schiill Inc., Keene,
N.H.). Samples of the electroeluted pER371 were purified and
concentrated with Elutip-d columns (Schleicher & Schiill Inc.).

DNA sequence analysis

The dideoxynucleotide chain-termination method (Sanger et al.
1977) was used to determine DNA sequences. Double-stranded
plasmid DNA templates were purified by CsCl gradient ultracen-
trifugation (Ausubel et al. 1987) or by using the PERFECTprep
DNA-binding matrix according to the protocol supplied (5 — 3’
Inc.). The AutoRead and AutoCycle sequencing kits (Pharmacia
Biotech, Piscataway, N.J.) were used to perform the sequencing
reactions. Sequence data were collected and processed in an A.L.F.
DNA sequencer and fragment analysis system (Pharmacia Bio-
tech). Database searches were performed with the BLAST program
using the default parameter settings (Altschul et al. 1990). Multiple
sequence alignments were carried out using DNASIS Windows 2.1
(Hitachi Software Engineering America, San Bruno, Calif.) and the
CLUSTAL-W (Thompson et al. 1994) programs. Potential hairpin
structures were predicted using the DNASIS Windows 2.1 package.

Results
Sequence determination of pER371

In preparation for sequence determination, pER371 was
linearized or fragmented and separately subcloned into

an E. coli vector, pUCI19, to produce the pUER-series
plasmids. The restriction sites chosen for the subclonings
were such that the contiguous sequences subsequently
generated would have extensive overlapping regions.
With these plasmids as templates, the sequencing reac-
tions were then performed using M13 universal and
reverse primers. The sequencing runs typically yield 200-
to 500-base stretches, with 300-nucleotide contiguous
sequences as the norms. The complete pER371 sequence
was assembled from these contiguous sequences on the
basis of the forward and reverse sequences with at least
100 bp overlap. The result shows that pER371 contains
2672 base pairs. The calculated G+ C content of
pER371 is 38.16 mol%. A restriction map of pER371,
constructed on the basis of the complete sequence, is
shown in Fig. 1A. Aside from the restriction sites that
are too close to be identified by agarose gel electro-
phoresis analysis, the map of the sequenced pER371
agrees well with the previously observed restriction
patterns of the plasmid. The pER371 sequence has been
deposited in GenBank (accession number AF022180).

Characterization of the pER371 replication region

Computer analysis revealed the presence of a 744-bp
open reading frame (ORF), designated as rep371,
encompassing nucleotide numbers 605-1348. Figure 1B
presents the sequence of rep371 along with its 5- and 3'-
flanking regions. This ORF codes for a putative protein
of 247 amino acid residues, with a calculated molecular
mass of 29 018 Da and an isoelectric point of 9.85. A
putative promoter region, constituted of the —10 (ATT-
AAT) and -35 (TGACAG) consensus sequences sepa-
rated by a 17-nucleotide spacing, was identified upstream
from rep371. A putative Shine-Dalgarno sequence
(GGAAAG), similar to that reported earlier for the repA
gene of S. thermophilus pST1 (Janzen et al. 1992), was
located 8 bp upstream from the start codon of the ORF.

Basic local alignment search tool (BLAST) analysis
(Altschul et al. 1990) of Rep371 showed that the putative
polypeptide is homologous to the sequences of replica-
tion proteins associated with small plasmids of Gram-
positive bacteria. The two sequences with the highest
homologies to Rep371 are the Rep proteins of Staphy-
lococcus aureus plasmids pC194 (Horinouchi and Weis-
blum 1982) and pSK89 (Littlejohn et al. 1991).
Figure 2A shows the results of a multiple sequence-
alignment analysis of the three replication proteins using
the CLUSTAL-W program (Thompson et al. 1994).
Nearly 66% of the 247 residues of Rep371 either are
identical to or represent conservative substitution of the
amino acid sequences of the pC194 and pSK89 replica-
tion proteins. The conserved active-site sequence asso-
ciated with the pC194-class Rep proteins (Gruss and
Ehrlich 1989) could be located in Rep371 between amino
acid residues 201 and 209.

Examination of the DNA sequence in the region
upstream from rep371 revealed the presence of a se-



Fig. 1A,B Plasmid map and the
sequence of the replication region
of pER371. The first guanine in
the unique BstEII site
(GGTGAUQC) is designated as nu-
cleotide number 1. A The plasmid
map summarizes sequence fea-
tures identified in this study. B
The -10 and —35 consensus pro-
moter sequences and the putative
Shine-Dalgarno signal of the
Rep371 coding region (ORF1)
are underlined and double-un-
derlined respectively. The nick-
site sequence of the plus-strand
origin (ORI) and the conserved
active-site amino acid sequence of
Rep are both shown in italicized
and bold face fonts. The under-
line arrows indicate the pal-
indromic minus-strand origin
(M-0) sequence of the plasmid;
the intervening dotted lines are
the non-complementary regions
of the palindrome
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rep371 is a palindromic sequence about 140 nucleotides
long. Stem-loop analysis of this sequence produced a
hairpin structure depicted in Fig. 2C. Even though the
sequence of this palindrome shows little homology to the
palA or palB elements of the other gram-positive plas-
mids (Novick 1989), its location and capability of
forming hairpin structure suggest that it is likely the
minus-strand origin (M-O) of pER371.

Fig. 2A-C Computer analyses of pER371 replication sequences. The
CLUSTAL-W program was used to perform alignment analyses. x A
perfect match; e conservative substitution, in the case of amino-acid
sequence alignment. Dashes have been introduced to produce optimal
matching. The sequences of pC194 (accession no. J01754) and pSK89
(accession no. M37889) were retrieved from GenBank. A Multiple
amino-acid sequence alignment of Rep371 with the replication proteins
of pC194 and pSK89. B Multiple nucleic-acid sequence alignment of
the ORI regions of pER371, pC194 and pSK89. Numbers indicate the
positions of the first and last base of the fragments in their respective
plasmid sequences as retrieved from the database; (C) the comple-
mentary strand of the plasmids. The conserved nick-site sequences of
ORI are underlined. C Possible hairpin structure of the M-O region of
pER371. The DNASIS for Windows (v. 2.1) program (Hitachi
Software Engineering Ltd.) was used to predict secondary-structure
formation from the putative M-O of pER371 (nucleotides 369-494).
The calculated AG value is =228 kJ/mol

Analysis of sequence outside the replication functions

Two additional ORF coding for putative polypeptides
with 104 (ORF2) and 86 (ORF3) amino acid residues,
were defined by computer-programmed prediction

quence that is highly homologous to the plus-strand
origins (ORI) of pC194 and pSK89 (Fig. 2B). Located
between this ORI(pER371) and the promoter region of

(Fig. 1A). A BLASTP homology search, using the
hypothetical polypeptides as queries, however, did not
identify any known proteins in the GenBank database.



The absence of recognizable promoter and Shine-Dal-
garno consensus sequences upstream from these ORF
further suggests that they are not bona fide genes with
physiological function.

Submission of the nucleotide sequence of pER371,
excluding the replicon region, to BLASTN analysis re-
sulted in a list of plasmids almost exclusively of lacto-
bacillus origin. These plasmids contain a previously
unreported, highly conserved nucleotide sequence (CNS)
that is homologous to the pER371 region flanked by
nucleotides 2443-2639. The relative location of this ho-
mologous sequence with respect to the replication
functions seems to be preserved in this group of plas-
mids, as it was found 150-300 bp upstream from the
ORI region. Multiple sequence alignment of the CNS
showed that the S. thermophilus sequence contained an
additional intervening segment of about 85 bp, not
found in lactobacillus plasmids pLH2 and pLC2 and
leuconostoc plasmid pCI411 (Fig. 3A). Three other lac-
tobacillus plasmids pLP1, p353-2, and pVKMI3l1l,
however, retained remnants of this intervening sequence.
BLASTN analysis of the entire intervening segment of
pER371 did not reveal any homologous plasmid-related
sequences. Furthermore, when sequences of the regions
flanking the CNS of pER371 were subjected to
BLASTN analyses, the results did not reveal any
homology to sequences of plasmid origin, indicating that
the sequence similarity to the lactobacillus plasmids is
limited to the CNS region. Secondary structure analysis
of the pER371 CNS sequence showed that a hairpin
structure could possibly form with AG = —229 kJ/mol
(Fig. 3B). This hairpin formation feature was also
observed with the other CNS regions (data not shown).

Discussion

The complete sequence of pER371 is determined and
analyzed in this study. This plasmid has been used to
construct cloning vectors that are useful for heterolo-
gous gene expression in the thermo-tolerant lactic acid
bacterium, S. thermophilus (Solaiman and Somkuti
1997). The sequence data show that the G+ C compo-
sition of pER371 is 38.16 mol%. This value is within
the range of the reported G+ C contents (37%-40%) of
the S. thermophilus chromosomal DNA (Hardie and
Whiley 1992), ensuring that the plasmid is suited for
stable maintenance in this host. Interestingly, homology
analysis of the replication function of the streptococcal
pER371 showed that it is closely related to those of the
staphylococcal plasmids pC194 and pSK89. However,
the G+ C contents of the genes coding for the replica-
tion proteins of the two bacterial classes are markedly
different. The rep371 gene has a G+ C composition of
40.32 mol%, while the corresponding values for the rep
genes of pCl194 and pSK89 are 26.23 mol% and
27.07 mol% respectively. The reported G+ C contents
of S. aureus chromosomal DNA is in the range of 30—
39 mol% (Kloos et al. 1992). Apparently, a similar

replication function is being coded by genes, having
different nucleotide compositions, that closely match
the chromosomal DNA property of the respective
hosts. «

Among the three putative ORF identified in pER371,
only rep371, represented by the ORF1, encodes a puta-
tive protein involved in plasmid replication. A tradi-
tional start codon (ATG) could be found at nucleotide
632, but because this codon is too far from the clearly
identifiable Shine-Dalgarno sequence located at nucleo-
tide 591; a rare start codon (TTG) at position 605 was
assigned to the Rep371 protein instead. This assignment
places the start codon at the conventional 8-bp down-
stream location from the Shine-Dalgarno sequence. Al-
though TTG is a rare start codon, it has, nevertheless,
been found in several coding sequences of Gram-positive
bacteria (Dalphin et al. 1996), including the S. ther-
mophilus epsB (Stingele et al. 1996) and cpsE (Griffin
et al. 1996) genes of the exopolysaccharide synthesis
pathway and the pbp2b gene coding for penicillin-bind-
ing protein 2b (Stingele and Mollet 1996).

While the replication function of pER371 is closely
related to the pCl194-class plasmids, the results of a
BLAST homology search and of a protein-sequence-
alignment analysis indicate that its Rep371 gene product
is phylogenetically distant from the two previously re-
ported replication proteins of S. thermophilus, i.e., RepA
of pST1 (Janzen et al. 1992) and RepS of pST1-No.29
(Hashiba et al. 1993). This implies that pER8 (2.0 kb)
(Somkuti and Steinberg 1986a), having a restriction map
similar to that of pST1 (2.1 kb), is also unrelated to
pER371. It is expected that pER371 and pERS8 should
be compatible in the S. thermophilus host. Vectors
developed from pER371 should thus provide invaluable
alternatives to the pER8-based cloning vectors that have
proven useful for expressing heterologous genes in
S. thermophilus (Solaiman and Somkuti 1997; Somkuti
et al. 1993, 1995).

Sequence features identified in this study suggest that
pER371 belongs to a family of single-stranded DNA
plasmids found in many Gram-positive bacteria (Gruss
and Ehrlich 1989; Novick 1989). As with other single-
stranded DNA plasmids, we observed an occasional
instability problem with cloning vectors constructed
from pER371 (Solaiman and Somkuti 1997, unpu-
blished data). The S. thermophilus plasmid pER371,
however, does not contain the recombination sites (RSa
and RSg) that are commonly found in the rolling-circle
type staphylococcal plasmids (Novick et al. 1984).
This observation indicates that pER371 did not evolve
by the recombination of genetic elements similar to
those observed with the comparable staphylococcal
plasmids (Novick et al. 1984). This study also uncovers a
previously unknown CNS element that is highly con-
served in a Leuconostoc lactis and several lactobacillus
plasmids. Sequence comparison of these CNSs shows
that they might have derived from a common evolu-
tionary origin that has undergone various degrees of
recombination in S. thermophilus, L. lactis, and the
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Fig. 3A,B Analysis of the lactococcus-like conserved nucleotide
sequence (CNS). A Multiple sequence alignment of CNS from
Streptococcus thermophilus plasmid pER371, Lactobacillus plantarum
pLP1 (GenBank accession no. M31223), L. pentosus p353-2 (X62347),
L. fermentum pVKM1311 (X74860), L. helveticus pLH2 (X81981),
Leuconostoc lactis pCl411 (125529), and L. curvatus pLC2 (Z14234).
Shaded residues represent at least 50% match among the aligned
nucleotides. The numbers indicate the positions of the flanking
nucleotides of the segments in their respective plasmids as retrieved
from the database. B Predicted hairpin structure formed by the
sequence (nucleotides 2485-2638) present in the CNS of pER371. The
calculated AG = —229 kJ/mol

lactobacilli. In addition to the high degree of sequence
conservation, the CNS are also characterized by their
potential to form hairpin structures. These properties
imply that CNS might serve some still unknown genetic
regulatory functions, though a functional shuttle vector
(pPMEU14’-1) has been constructed without this element
(Solaiman and Somkuti 1997).

The determination of the complete pER371 sequence
has allowed its detailed analysis, leading to the charac-
terization of its replication functions and the discovery
of a putative genetic regulatory element, CNS. This



information should be invaluable for the design and
construction of the second-generation pER371-based
food-grade vectors for the genetic transformation of
S. thermophilus and other dairy-food fermentation mi-
croorganisms.
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